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SUMMARY

An investigationwasconriuctedto obtaina recordofanychem-
icalchangesdirectlyassociatedwithknockinu spark-ignition
engineona greatlyma~ifiedtimemale by meansof coordinated
high-speedmatIonpicturesandspectrograms.On thebasisof
earlierhigh-speedmotionpicturesofknockingcombustion,knock
wasassumedtooccurintheformofa wavethat traverseetheco-
bustionchamberat syeedagreaterthanthespeedof sound.By
usinga high-vdltageunderwatwsparkof extremelyshortduration
(about10mfcrosec)andhighintensity,absorptionspectrogramsof
thecombustiongaseswereobtainedfora veryshortintervalof
thecombustioncycle.Suchspectrogramsweretakenbeforeand
aftertheoccurrenceofknock.Eigb-speedmotionpicturesofthe
samecycleweretakenandservedto establishthetimeofexposure
ofthespectrogramrelativeto thecombustionproc68s.Theengine
wasfiredforonlyonecycleWring eachrun. Quartzwindowsin
thecylinderheadallowedthepassageof lightthroughtheend
zoneof thecombustionchamber.

Spectrogramstakeninthenearultraviolelirangearepresented.
Of thebandsthatwouldbe eqectedto occur,onlythehydroxyl-,
radicalbandsnear3064and2811angstromunitsappeared.These
bandsfirstappearedwhencombustionstartedintheendzone.and
becamestrongeras combustionprogressedinthatregion;thebands
alsoappearedafterhock. ~erefore,therewasno positive
evidenceofa chemicalchangethatwouldaffecttheabsorption
spectrumintheregionfrQm2600to 4000angstromunits.Lfneaof
copper,silver,andiron,yreaentb thecombustion-chamberwalls,
alsoappearedinthespectrograms;theselinesweredirectlyasso~
ciatedwithknock;thatis,theydidnotappearinthespectrograms
takenbeforeknackbutdidappearin thosetakenafterlmock.The
occurrenceofmetallicabsorptionisprobablynotdirectlyasso-
ciated
by the

witha chemicalreact~on,but~pparen~lycondition8produced
bock reactionareresponsiblefortheirappearance.
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Thechemistryof thecombustionassociatedwithlmockinthe
spark-ignitionenginehasbeenunderinvestigationformanyyears,
Althoughthecmactnatureofeithernormal.“orknockingcombustion
5.s not known, stxne specificdifferencesbetweenthetwohavebeen
obsorved.Ih 1932,RassweilerandWithrowstudiedtheemission
spectraofflamesina gasolineengineandEIhowod(reference1)
thatthelastpartofthechargetoburn,theso-calledendzone,
emitsthetypicalbandsofhydrocarbonflamedwithlessIntensity
inknockingthaninnonlcnockingco-rnbustion.Thesameauthorq
studiedtheabsorptionspeotraof.engineflamesin 1933(ref-
erence2), Thepresenceofformaldehydeandotherunidentifiedcom-
poundswasindicatedintheendzone%bfoiethearrivalof the
i’1.amewheneverknock’occurred;ifnoknockoccurred,no formal-
dehydeappeared.Theseresultsweyeinterpretedas irylicatlngthe
associationofknockwithslowoxidationirl theendzonebefore
thearrivaloftheflame.A large‘increaseintheconcentration
ofnitrogenoxidesintheexhaustgdsduringknockingoperation
as comparedwithnonknockingoperationwasshownin1937byHanson
andEgerton(reference3).

Thechemicalreactionsstudiediritheworkof~’eference~1 to3
werethoseofthecombustionprocessasa wholeratherthanreactions
identifiedchronologicallywiththeoccurrenceofknock.Thatknock
maybe distin@shedfromtherestoftheCombustionprocessIs
evidentfromphotographstakenwiththeNACAhigh-speedandultrah@h-
s~eedcameras(references4 to7). In 1943,MillerandOlsen(ref-
ez’ence4)showedthatknockischaracterizedby a veryrayidchango
intheappearanceof thecombustiongasesas recordedby thehigh-
syeedcameraat 40,000framespersecond;thischangeconsistsinthe
blurringof theinflamedregionfolldwedwithina veryshortthe
by thecompleteclearingof thecombustionchamberofallvisual
evidencesof combustion.In somephotographsinreference5,knock
iscompletein lessthan50microseconds.Theblurring,orrather
thephenomenondirectlyresponsiblefortheblurring,isreferredto ,
as “knock”inthepresentreport.

1%reference6,analysisof themotionpict~esshowedthat
knockoccursintheformofa wave,similarinmany’respectstoa
detonationwave,travelinginitiallyat ratesrangingfromthespeed
of sound in theburnedgasesto twice,thatspeed.ThisCUIICIUSiOll
is supportedby a motionpictureofknocktakenat therat_eof
200,000framespersecond(reference7). ThephotographsInref-
erence7 showa wave,inter~retedas knock,whichstartedfromthe
rearedgeof thec~mbustionzoneandtraveledthxo~hthehcom-
pletelybur~flgasesata speedabouttwicethatof soundinthe
burnedgas.

.

*

.

—



NACATNNO.1408 3

Thepilecipitatio~ of incandescentandopaqueparticles(pro-
sumahlyfreecarbon)imediat~lyaftertheoccurrenceofknockhas
beenshowninthemotionpicwresinreference7, h figures6 and.7
ofreference6,andinother~otionpicturesae yetuqublished;
thiseffectmaybe consideredevidenceof chemicalreactionsasso-
ciatedwithknockdifferentfromthechemicalreactionsinnon-
Wockim.combustion,

Theobjectof thepresentinvestigationwastodctermi.ne.whether
anyotherevidenceofa chemicalreactionconcurrentwithknockcould
befoundby comparingtheabsorptionepectraof thecom?mationgases
beforeandafterknGck.Becausemanyof thefinalandtitermediate
productsoftheccmbv.stionofhydrocarbonshavec-hsracteristicbands
inthevisibleandnearultravioletregions,it seemedlikelythat
theoccurrenceof.achemicalreactioncouldhe shownin thi.away.
By theuseofan tntenselightsourceofveryshortdurationin
conjunctiontitha fastspectro~aph,a satisfactoryexposureof
anabsorptionspecfrumwasobtainedin-aninte:walofapproxi_~tely
7 microseconleduringme firingcycle.A high-speedsohlieren_
motionpictureoftheeaqecyclewastakenandservedto establish

● accuratelyandgraphicallythetimgat whichthespectrogramws
exposedrelativetotheoccurrenceof bock. Theextremerequire-
mentswithrespectto titenettyanddurationenforcedcompromises
inthedesignofthelightsource,whichmadeitnotentirely
satisfactoryinotherrespects,suchas continuityofthes~ec-
trum,freedomfromtiterf6ringlines,anduniformityof intensity.
.,

APPARATUSANDI?mcmmE

Thecombustionapparatus,whichhasbeendesc~ibedinits
originalforminreference8, isa single-cylinderengineof
5-i~hboi~eand7-inchstrokewitha qecial.lydesignedcylinder“ -
headthatallowsa viewofa ~rge partofthecombustionchagber-
thzwughglaasor quartzwindows,Thecylinderagdthghe~dWpre
maintainedat operatingtempemtu.reby circulatingheatedglyc-
erinethroughjacketpassages.Theenginewas-turnedupto speed ._
by an electricmotorandwasftiedforonlyonecycle,

For”thepresentinvestigationtheenginewasadaptedto spark
i~ition,andtoultravioletspectroscopyas indicatedinf~ure 1.
ASmaybe seenfromthefi~e, thevisibleportionofthecomb.us!-
tionchamberhastheshapeofa flatdisk. Thef~t-diekpOrtiOn
of the@amberisconnectedwiththeinteriorof theenginecylinder
by a vertical~ssagewhosecrosssectionisa narrowrect~le.

Inadaptingtheengine,as describedin references 8 and 9,
to sparkignition,thechangesnecessary were theinstallationof
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sparkplugs,a decreaseinthecompressionratio,
thefuelsystem.Theeffectivecompressionratio
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andchangesin
computedfromthe

measuredmaximumcompressic)npressurewasabout8.0, Thefuel
wasinjecteddirect~ytitdthecylinderatabout160°B.T.C.to
allowennughtimefurevaporationinthecylinder.Becausethe
variationintheamountof fuel evaporated madeknowledgeof tho
fuel-airratiouncertain,thefuelquantitywassetby trialand
errorformxcbmamknockat thep~evailingconditions.

Inadaptin+jthecylinderheadtospectroscopy,fusedquaytz
windows(1in.thickandSL in.indiameter)insteadofglasswere

z
used on one sideofthecombustionchambertotransmittheultra-
violetlight.A stellitemirrorontheopTo&tesidereturnedthe
lightthroughthecombustionchamber.Withthisarraagernentthe
lightbeamforthespectrogramtraversed.thecombustionchamber
twioe,makinga totalpathlengthof 2 inches.

Inordertofacilitatesynchronizationofithecombustionand
photographicevents,thetimingofthefuelinjection,theignition
spark,thecamerashutter,andothereventsWasaccomplishedby ●

adjustableelectricalcontactscoupledtothec~ankehaft.A system
of interlockingrelaysassured‘thatthevariouseventsoccurred
only duringthefiringcycle.

Thefollowingengineoperatingconditionswere heldconstant:

Jackettemperature,°F. , . . . . . . . . . . . . . . . . . . . 250
Sparkadvance~degB.T.C. . . . . . , . , . . . . . . . . . . . 15
Fuel... . . . , . . . , . . . . . . .“.. . . . . . . . . . .M-4
En@nespeed,rpm . . . , . . . . . . . . ;;. . . . . . . . .600
Intakeyressureandtemperature.. . . . . . . . . . . .Atmospheric
(M-4isa referencefuelwitha ratingnearthezeroendof the
octanescale.)

A schematicviewof theopticalsystemisgiveninfigure2.
Thelightsourceusedfortheabsorptionspectrogramswasa high-
voltageunderwaterspark.Thelightfromthespark&s collimated
bya q~rtz lensandthenenteredthecombustionchamberthrough
thequartzwindows;thestellitemirroronthefarsideof the
chamberreturnedthelightalonga paththatmadea smallanglewith
itsoriginalpath. Afterpassingthroughanotherquartzlens,the
lightwasreflectedthrougha rightangleby a quartz prismand
formedam imageofthesparkon the spectrographslit, In order
topreventreflections’fromthequartzwindowsfromenteringthe
spectrograph,bothwindowsweretiltedbymeaneof spacersto
deflectthereflectionsfrcmtheopticalaxis.

.

&

.

.
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A GabrtnerScientificCorporationsmallquartzspectrg@aph~
whichhasfairlyhighphotcgraphi,cspeed(camera-lensrelative —

.—
aperture;aboutf/8)“butI..owdispersion(50A permm at 3000A),
wasusedtorecordthespectm. Thecha~cteristicsof thephoto-
=phic p~tes used(Eastmanspectros~picplates103;0)andof
theopticalsystem,combinedtithtbelowdisper~lonof the
spectrographforwavelengthsgreatertlum40(!0angstromunits,
madeobaefiationdifficultinthisregion.

The,opticalsystemas eetup exhibitswhatmaybe calleda
schliereneffect.Anylightfromthe6~rk thatwas appreciably
refractedby thegasesinthecombustionchambercouldnotbe
focusedby thesecondquartzlensonthespectrographslit.During
combustion,tenrperatuxeanddensitygradientsexist,whichare
probablylargeenoughto causea considerablelossof intausity
inthespectrogr~stakenclosetothetimeof knock,especially -
those.takeni?mnediatelybeforeknock.

Theunderwatersparkconsistedofa condenserdischargeacross
a sparkgapthatwasunderdfstilled,water;thespark-boxdesigu
wascopiedfromtheonedescribedinreference10withminor
changes.The energysourcewasan 0.08-mlcrofaradcond~n~ercharged
to 50 kilo~olts.Tb,edurationofthesparkwasdetemsinedby
focusingan imageof thesparkona M@-speed rotatingfilm
drumandmeasuringthestreakproducedon thedevelopedfilm.The
durationwasapproximately7 microsecondsandtheintensity-S
sufficientto yielda satisfactorye~s~e withonedischarge.
Thespectrumofthelightsowcewascontinuousfrom5GO0to 2500
angstromunits,exceptforsomeabsorptionbandsduetohydroxyl
radicalsinthewatervapornearthespa~kandsomemetallicl+fies
duetotheelectrodes.GoldelectrodeswereuBetitominimizethe
numberof linesfromthissource.

Theunderwaters~rk wassetoffat predeterminedt-s by
meansofthecircuitshowninfigure3. In serieswiththemain
sparkwere.aaairgapandan auxiliarylow-voltages~k actuated.
by thecontactorcoupledtotticr~shaft. Thevariationintime
ofoccmrence.oftileundexwakersparkfromrunto runwa&approx-
imately3° of crankshaftrotation.Nobetterreproducitiilitywas-’”- - -
necessarybecauseth.gvariationintimeof occtu?renceofknockwas
greaterthan3° of crankshaftrotation;as a result,spectrograms
exposedat varioustimesbeforeandafterknockw&e obtainedwith
d fewfixedsettingsof theunderwaterspark. .,----.-.=...._____

Thephotographsof combustionweretaken@th thehigh-speed
motion-pictu-ecamera(reference11)at therateof 40)000frames.“,, -.,,!,
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*perseoond,usingschlierenillumination;thepathof thelightis
showninfigure2. Lightfroma 108-wattribbon-filamentbulbwas
condensed,reflectedtowardtheemginealongtheopticalaxisof
thecamerabya smallmirrorinfrontofthecameraobjectivelem,
andthencollimatedly thelargeschlierenlens,A mirrorM near
theenginereflectedthelightthrougha rightangleintothecom-
bustionchamber;thelightwasthenreflectedby thestelli.temirror
backtothecameraobjectivealonga paththatmadea smallangle
Withtheorigi~lpath;the~meraobjectivelensformed(through
thecamera’sInternaloptics)an imageoftheccmbnstlonchamberon
thefilm, Thelightraysenteringthecombustionchamberwere par-
allel;sothemirrorM hadtobeat leastas largeas thechamber
window. Becausethelightpathwasnormaltotheetellitemirror,
the mirrorM wasdirectlyinthewayof thespectrographiclight
beam, OnecolmerofthemirrorM wasthereforecutawaytoallow
a pathforthespectrographicli~htbeam;thecorrespondingpart
ofthecombustionchamber,whichistheupperrightquadrantof
thecombustionckmberGS seen in figurel)doesnotappearin the
motionpicture.Somelightfromtheunderwatersparkregistered
on thehigh-speedphotographsandwasusedto identifythemotion- r-
pictureframeex~sedat thesametimeas thespectrogram.Onthe
otherhand}someofthelightfromtheschlierenlightsourceentered

.

thespectrographandinterferedwiththes~ectrograms.Trialexpo-
sures,underconditionssimilartothoseforwhich.thecombustion
spectrogramswere taken, showed thatthespectrogramof thislight

.

sourcewascontinuousW veryweak,withsufficientintensityto
affecttheplateonlyatwavekngthsgreaterthan4000angstrom unit8.

METHODOFANALYSISOFDATA

Thetimeatwhicha spectrogr~wssexposedrelativetothe
occurrenceofknockmaybe detemin.eddirectlyfromthehigh-speed
photographsbecauseenoughlightfromtheunde~ter sparkentered
thecameratorecordonthephotographs.(Seefig.4,~~~~~~. )
TheaccuracyofthemethodIs ktmitedby twofactors:
difficultyinidentifyingthefraueinwhichknockoccursresults
inan uncertaintyofoneortwofr~es;EW@(2)thefactthateach
frameisexposedfor25microsecondsintroducessomeuncertainty
inthethe of occurrenceof thespark,inasmuchas thesparkmay
havetakenplaceatanytimeduringthisinterval.Themaximum
errorIndeterminingthe.tfme~tervallbetweenknockandthespectro-
gr~ exposureisthoughttobeabout15framesor 37microseconds.
mea thesparkoccurredveryclosetoknock,itwassometimesZS-
sibletotellwhichcamefirst;theywerethenassumedtohave
occurredsimultaneously.
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~aeUeaelrementof ~ve~.e@h inthespectrogramwas~de bT.
comparisonwithan overlappingmercur~spectrm. TheFcmitionsof
thelinesweremeae<uedwitha t~~~lij~tic~-osczpato0.001inilli-
meter{0.05Aat 3000A), Thewavelen@aofknownlirms“dhecked”
towithin1 angsvromunit.

Theintensitycftheabsorptionl.inas.ar.db.andawa~measured
ona LeedsandNOrt-hrEpraoorai~-~uicropl.otometer.Withsuitable
ad~ustmeat,theinsirmwnkrecordsdirectlyth&phbtogra@icden-
sity D ofthenesative.

Forthely.wposesofthisreporttheintensity,or relative
density,ofanabsorptionline It wasdefinedas thephotographic
densityof thelinerelativetothephotographicdensifiyOfthe .———
continuousbac~ound.neartheline:

It=Dc.Dz= 106JIoht)c - logIo/It,z =“log

where

Dc photographicdensityof continuum

Dz photographicdensityofabsorptionline

10 originalIntensityof

I%jc intensityof soanning

%,2 intensityof scanning
line

Thedensityof thecontinuum

scanningbeam

beamafterpassing

beamafterpassing

*t,z- log It,c

throughcontinuum

throughabsorption

istakenas theaverageof theden-
sitiesof theadJacentregions.whereno absorptimlinesare
present.

Withcertainassumptions,therelativedensitydefinedi5
proportimaltothelogarithmof thepercentageof lightabsorbed
fromtheincidentbeam(attbewavelengthunderconsideration)by
thecombustiongases.Themostimportantof theseassumptionsis
thatthephotograpmcdensityisrelatedto thelightfncidenton
theemulsionby theequation: —. — .—

D = ylogE

where -,

E exposureof emulsion,meter-candle-seconds
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Y constantcharacteristicoftheemulsiondefinedbymeansof
thisequation

l?orthet~e ofplateused,thisequationisvalidforvaluesof D
f’rom0.2to thelargestvaluesthatcanbemeasureawiththemicro-
photometier.Forsmallervaluesof D, E decreasesmorerapidly
thantheequationindicates.

.

.-

Unfortunately,thevaluesofthedensitymeasuredwerenot
alwayslargeeno-sghfor‘theequationtoapply.Becameofthe
schliereneffect5Dtheopticalsystemprovidinglighttothe
spectrograph,muchofthelightfromtheuntierwatersparkdidnot
reachthespectrograph.Consequently,thebackgroundintensitywas
som6timessolowthateitherD2 orboth DZ and D= werebelow

0.2. In suchcases,becauseofthenatureof thedeviationfrom
theequation,th,eresultfngvalueaoftherelativedensitywere
alwaystoolowtoindicateaccuately the absorptionby t% burning
gai3es.Therum forwhichthisconditionobtainedareclearlymarked.

RESULTS
~-

Twotypicalmotionpicturesare@own infigures4 and5. Tho
mottonpictureprogressesfromlefttorightacrosseachrowandfrom *
thetopdownforsuccessiverows;theorderofframesIs
A-1,A-2,. . .A-12,B-ljB-2,. . . . Inthefirstframesofthose
figures,thecombustionchamberappearsas a whitecirclewithone
quartercutout;thecut-outquarterrepresentsthepartofthecorl-
bustionchamberthroughwhichthespectrogramsweretaken.Thewhite
fieldyepresentetheunreflectedschlierenillumiuntion.Theprogress
oftheflameismarkedbyan irregular,dark,mottledzone,which
movesacrossthechamberfromrightto leftinthephotographs,,
althoughtowhatextentenere~isbeingreleasedindifferent~rts
of themottledzoneisuncertain.

A runin whichthespectrogramwasexposedseveralframesafter
knockispresentedinfigure4. InframeA-1,theflamehaaal-ready
startedacrossthecombustionchamberfromtheupperright.By
frame D-8,theflamehassweptacrossthevisiblepmt of thechamber
and,fromtheappearanceofthisandtheearlierfraqesof theseries,
theflsmeprobablyhad”alsosweytacrosstheregionthroughwhich
thespectrogramwastakenbeforetheexposureofframeD-8. The
onlychangebetweenframesD-8andD-iiisa slowpartialdisinte-
grationofthomottledregion.ComparisonofframesD-n amdD-12
showsa blurringin whatisleftofthemottledregion;byflameE-1,
theblurringhascoveredthemottledregion.(Theblurringmaynot
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aypeazmin theX)eproductionas clearlyas itdoes5.ntheori@nal.)
Thisblurringisconeideredanindicationoflnmck(reference 4).
In frame E-3,theillumir~tedregioninandnearthenormallydark
quarter,iiidicatedby an ari-ow,is causedby theli@t fromthe
Unterwatorsparkandmarksthetimeof exposuzzeof thespecklograni.
Thespectrogramwasthereforeta’rentwoort’lu’eeframesafterthe
occ~-renceofknock,

A ~~ inwhl.ckthespectrogramwasekpoaeLsimultaneouslywtth
knockis showninfigure5. Knockis seento occurinframesD-T
at D-8,andthelightfrm theunderwaterspmk appearsi.nthe
sametrames.

A nUmberof typicalspectrogr~sareshown(aspositiveprints)
infigure6,togetherwithanapproximatewavelengthscaleInang-
stromuntts.(Inall,60s-pectrogramsweretakenandtheconclusions
arebaae~onallofthemratherK- onthoseinthisf~~e)e
Mercuryspectraoverlaymcstof tkms~ctro~amsformoreprecise
wavelengthmeasurement.Thespectrogramsare&rrab&edinchron-
ologicalorderrektiveto theoccurrenceofknockexceptthefirst* spectrogram(fig.6(a)).

Thespectrogramofthesource(fig,6(a)),takeninthesame. wayas thetestspectrogramsexceptthattheenginewasnotoper-
ated,showsthecontinuousspectrumof theunderwaterspark;the
absorptionlinesmarkedaredv,etothegold.electrodes.The OH
bandsat 3064angstromunitsalsoappearveryfaintlyintheorig-
i~l (theymaynotappearat allonthereproduction).T-Mrelative
densityofthe OH bandsOnthisspectro~amis 0.05;therelative
densityofthe OH btis @ my spectrogramofthssourcedoesno:
exceed0.20andaveragedabout0.10.Thesensitivelineqofcopper
andsilversometimesappear,butalwaysveryfaintly.SomebandS
or linesofunknownorigins~~ttie~appearinthe~pectrogramsof
thesourcewhenthebaclccoundintensityof thecontinuumislow;
theseltis donotappearh figure6(a)buttheirpositionis
marked lf~tt. Becausetheselineswerealwap-lw%kanddiffuse,the
wavelengthcoul~notbe satisfactorilydetermined.

Theintensityofthecontinuumvariedc&sidemblyframrun
torun. Partof thievariationwasdueto lackof uniformityof the
underwatersparkbut,inaddition,theintensityconsidiently
decreasedas theburningprogressedecrosstheendzons;after knock
theintensityincreasedagain.!lkesechangesappe~-infigure6
asa decreaseinthewhitenessof thecontinuumfrom figure 6(a)
throughfigure6(e),followedby an increaseinwhitenessinthe
laterspectrograms,Thedecreaseinintensitycoincidedapproxi-
matelywiththeappearanceofthedarkmottledregioninthead
zoneinthehigin-speedphotographsandwasinpartdueto the
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schliereneffectinthespectro~aphoyticalsystem.Continuous !&
absorptionby thecombustiongasesmayalsohavebeenpresent.

Thedecreasein intensityreferred.to inthepreviouspara-
graphwasmoremarkedintheultravioletthaninthevisibleend
of thespectrum,‘l?hiseffectresultsfn’ashorteningof theultra- /
violetendofth.cspeotro~ams,whichisevidentinfigure6;none
ofthespectrogramserposedduringcombustionextendasfarinto
theultravioletas thecomparisonspectrogram.Analysisofmicro-
~hotometerrecordsof allthespectrogramsconfirmodthefactthat
thedecreaseindons,ltyIsgrGater intheultraviolet(atwavelengths
shorterthan3000-3200A)forthoeespectrogl’amsexposedduring
combustion,Thevariationinintensitymaybe duoto continuous
absorptionintheultravioletby thecombustiongasesorto eelcctive
actionof theschliereneffect.

Themostprominentlinesintheseriesofspectrogmmsare
thoseof theh.ydroxylradical(OH) absorptionbandat 3064ang-
stromunits.Beforetheflamereachestheregionthroughwhichthe
spectrogramsaretaken(theendzone),thespectrogramsarestillar
tothoseofthesource(fig.6(a)),andshowno additionalabsorption.
As theflcaeprogressesthroughtheendzone,the OH bandebecome
stronger,as infigures6(b)and6(c);thisrelationis shownmore
clearlyInfigure7. Whentheflamehassweptthroughrnostoftho
endzone,thebandsareverystrongandthe OH bandsat 2811ang-
stromunitsalsoappearas infigui’es6(c)and6(d).Theincreased
intensityismaintainedafterlmockas shown”byfigures6(e)to 6(h).
No dataweretakensufficientlylongafterknocktodeterminewhen
theintensitystartsfallingoff.

A grayhispresentedinfigure7 show~ngtherelativedensity
ofthe OH bandsasa functtonoftheinstantof exposureofthespec-
trogramrelativetoknock.Thepointsmarkedwitharrowsrepresent
spectrogramsinwhichthebackgroundintensitywaslowandtherel-
ativedensityisprobablytoolowtobe trulyrepresentativeof the
absorptionby theburninggasesforreasonspreviouslygiven.The
relative densityofthe OH bandshasa lowvalue(probablyzero,
iftheabsorptionin.thelightsouroeistakenintoaccount)before .
combustion,andincreasesas theflamesweepsacrosstheendzones
Anapparentincreaseappearsintheden.dtyimmediatelyafter knock
(within5 frames)butcloseexaminationshowsthisIncreasetobe
onlyapparentbecauseallthepointslessthan10framesbeforeknock
arelabeledwitharrows;becauseno correlationexistsbetweenthe
plottedvalueof such a point andtheabsorptionby theburninggases
(exceptthattheplottedvalueisalwaystoolow)theselectiveabso~-
tionmaybeas greatbeforeknockasafter.Itmaybe concludedthere-
forethattherewasconsiderableOH absorptionbeforeandafterlmock
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Thespectrogramstakenafterknock(fi~s.
manylinesincomon thatdonot,apyearinthe
beforeknocksuchas thelinesmarkedCu and.

6(e)to 6(h))have
spectrograms takea
Ag infigure6(e)

and Ye, Na, and Mn, infi~e 6(Y).A numberof lineshave . -‘
beenidentifiedas Fe lineal butareunmarkedon thefigure,The
linesthathavebeen identifiedin someof thespectrogramstaken
afiierknockarelistedintableI.

A spectrogramanda microphotometerrecordshowingallthelines
andbandsthathavebeenidentifiedareshowninfigure8;this
spectrogramwasex~osed51framesafter lmock.Themicrophotameter
tracewasreducedto t~e-e scaleas thespectrogramtofacilitate
comparison.Manylinesnetvisibleinthereproductionof thespec-
trogramareclearlyvisibleinthemicrophotometerrecordandwere
visibleintheoriginalnegativeof thespgbtrogram.

A characteristicfeatureofthemetallinesisthesuddenness
withwhichtheyappearafterhock. Spectrogramsoffigures6(d)
and6(e)correspondto themotionpicturesoffigures5 and4,
respectively,andweretakenverycloseto thetimeofknock.In
figure6(d) (fig.5),whichwastakensimultaneouslywithlmock, -
however,nonaofthemetallinesappear,whereasinfigur~.~(e)
(fig,4),whichwastakenwithintwoframesorabout50 micro-
seconds afterknock,thecopperandsilverlinesappearveryp&m- ‘
inentlyandtheiron-linesfazntly.In onespectrogram(not
includedinthefigurebecauseitwastakeuunderslightlydiffer- ‘“
entconditions),thecopperand.silverlir& appearwithinoneframe
ofknock,thouglhwithlessintensitythaninthelaterspectro~rams.
Themetallinesappearinallthespectrogramstakenafterthe
occurrenceofknock,butneverbeforeknockexceptthatthecopper ----
andsilverlinessometimesappearin spectrogramstakenbefore
knockwithverylowrelativedensity,com~rableto thatwith
whichthesamelbes appearin somespectrogramsofthesource.
Thecopperandsilverabsorption,inallcasesbeforeknock,prob- “’
ablytookplaceintheli@t sourceratherthanin thecomlmstion
chamher. ..

—

DISCUSSION

Thenolecularbandsthatmightbe expected.toappearinthe
combustiongasspectrumarethe HC bands,theSwan(C2)bancis,
thehydroxyl(OH)bands,andthehydrocarbon(orethylene)flame
bands.Of these,the OH bandsaretheonlyoneothatappear
inthespectrogramsobtalneiiinthisinvestigation,TheSwcm
bandsarenearthelimitof sensitivityof theplatesusedand
wouldnotrecordunlessverystrong;the HC bandsham been
observedinemissionbutneverinabsorption(reference12);and
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the
not

hy~OCarbCnflamehandshave‘beenobservedin
inenginecombusttcnspectva.

Inadditionto thebandsassociateddirectly

I?ACATN NOo1408.

13umsenflamesbuti

withhydrocarboncom-
bust~on,the~pectrogramswerecarefullycheckedforthefollowing
hnds; NO (3C09,2860A), ECHO(2839,2931.,3033,3135A), CO
(tht.rdpoeitivebands,2833,29’’~[,3154,33J5A); C1?(3883,38”(1.,
3862A).

No spectrogramsexposedbeforethearrivalof theflamofrantIn
theendzoneshowedanycha~’acieristicabsorp~ion,AlthoughRaseweiler
andWithrow(reference2)re~~rtedtheoccurrer-tieoffo~tildehydebands
near3200an@trom uiitts in tineSpeotr-umof the unburnedchargebefore
knock,thesebandswerenotobservedintheSpectrogramstakenInthe
present.investigation.Theabsenceofthesebandsmayhavebeendueto
thefactthatthetypeofhOGk obsenedwaadifferentfromthatobserved
byRassweilerandWlthrow.Thehigh-speedmotionpicturesof thisreport
showedno evidenceofthepreknockreactionsregardedae earlystages
ofautoignitioninreference6.

Theappearanceofthe OH bandsappearstohe associatedwith (
theprogressoftheflamefront-throughtheendzone.Thebands
firstappearwhentheflamefrontstartsacrosstheendzoueaud
growinintensityas theflamecrossestheendzone;thebandsappar- ●

entlypersistwithapproximatelythesameintensityafterknock,
Thisresultisnotwhatmightbe e~ectedonthebasisofRsssweiler
andWithrowtsobservation(reference1)thatthe OH emissionis
lessintenseinthedeton,atfngzoneas compa~edwiththerestof the
combustionchamberwhenknockoccurs;thedifferencemaytherefore
indicatethatthetwomethodsdid not involvecomparableconditiou.

Thehigh-speedphotographsofthisa~dotherreportsshowknock
asan’extremelyrapidtransformationIntheappearance.of thecom-
bustiongases.Thischangehaqbeeninterpreted as beingcausedby
a wave,similartoa detonationwave,traverdngthecombustion
chamber.Thedataobtained.inthecourseof thisinvesti~tiondo
notshowpositiveevidence ~ any cheticalohange that affectsthe
absorptionspectrumIntheregionfromabout.2600to 4000angotrom
units.Theappearanceofthemetallinesmaythrowsomell@t on
the ~hysicalctiracterjsticsOf knock, The occurrence in tb
emissionspectraof explosionflamesof llnescharacteristicoftke
metalsofthewalloftheexplosionvesselhasbeenreportedin
severalinstances(references12to 14).AS reportedinthesesources,
themetalliclinesOCCUr In the Spectra of’ violent GqlOSfmS rather
thaninthoseofweakexplosionsorsteadyccnbbustion.

. .
6

b
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CONCIZJ31ONS

●Theresulteofthepreliminaryepecti~ographicinvestigation

13

ofahso~pttonlinesinthenearu].travioletcorrelatedwith’high-
speedphotograyhahavebeennegativeas to thedemonstrationofcuxy
chemicalchangeoccurringat theinstantofknockandalsoneg-
ativeas to thedemonstrationofthe presence of anynolecular
species in thebtiI~ charge%efore laxmk that mightcontribute
tothecauseofknock.Thepracfiicabiiityof thetechqique has
beendemonstrated,however,andthenegativeresultsareofvalue
becausetheyindicatethevirtualabsencecfnumerousfiolkcular
speciesthepresenceofwhichmightotherwisebe postulated..

Inviewof thedemonstratedfeasibilityof themethod,con-
tinuedworkmightprovefruitful.Suchcontinuedworkcoul~
includeinvestigationof spectralregionsotherthantheone
dealtwithinthepresentreport,andmi@t includereinves~
ti~tionofthenearultravioletwithanatteioptto incveasethe
degreeof d.isperslon.Investigationsmightbemadewithother
fuelt~es andwithdff~erentengineoperatingconditions.In
furtherwork,sFectrogramaofnormalnonknockingcombustion
shouldbe takenforcomparisonwiththeknockspectra. —
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TAHCJ%I - ABSORPTIONLINESIDENTIFIED
SPECTROGRAMSTAKENAFTERKNOCK
[Wavele@h inanptrornunits]

Iron

(a)

2720
2737
2744
2756
2772
2788
2937
2948
2954
2967
2973
2984
2994
3001
3008
3021
3025
3038
3048
3054
3441
3466
3475
‘3581p
‘3720p
d3737p
‘3746P
3749
‘3860P

(b)

;32483
3274P

Silver
(b)

3280
3383

Gold

‘2676p
2748
3122

IN

Other
(c)

3303Na
2796M.gor1~
2798lfn
2802I@ OrMn
2852b~
3493Ml

.

%trongestllnesof ironarc. At leastsomeappearedinmo~t—
of spectrogramstakenafterknock.Otherironlines
appearedbutarenotlisted.

bAppearedwithgreatintensityoneveryspectrogr~taken
afterknock.

‘Appearedonmanyofthespectrogramstakenafterknock.Tbe
identificationissome~~hatuncertainbecausenotenough

.,

otherlinesareavailableas checks.
--

‘Persistentlinesof element.
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Figure 4. - High-speed motion picture of knocking cycle In NACA (spark-ignition)

combustion aDparatus. Knock occurs 2 frames before spectrogram. Arrow, record of

exposure of spectrogram; K, occurrence of knock.
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Figure 5. - High-speed motion picture of knocking cycle in NACA (spark-ignition)

combustion apparatus. Knock occure simultaneously with spectrogram. Arrow, record ~

of exposure of spectrogram; K> occurrence of knock.
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SDectr09 ram of source.

(b) 16 frames before knock. -

(c) 4 frames before knock.

(d) o fraMeS afzer knOCK.

(e] 2 frames after knock.

(f) 5 frames after knock.

(g) 27 frames after knock

(h] 46 frames after knock.

Figure 6. - Absorption spectrograms of combustion gases
during knocking cycle in NACA (spark-ignition] combustion
apparatus. 1 frame, 25 microseconds; absorption path
length, 2 inches.
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Figure B. - Spectrogram and micro photometer record of identified I Ines and bands.
Exposed 51 frames after knock; sxposure path length, 2 inches. A and B show where
the recording sensitivity was changed.
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